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(54) Method for consolidating soils or lifting structures with pressures larger than 500 kPa 



(57) A method for consolidating foundation soils or 
for lifting very heavy or very large structures requiring 
the application of a pressure of more than 500 kPa, 
which consists in injecting into the soil to be consolidat- 
ed or into the soil below the foundations of the structure 



to be lifted substances which expand as a consequence 
of a chemical reaction and are suitable to generate, dur- 
ing expansion, a pressure of more than 500 kPa. 
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Description * 

[0001] The present invention relates to a method for consolidating foundation soils or for lifting very heavy or large 
structures requiring the application of a pressure of more than 500 kPa. 

[0002] In the field of interventions for consolidating foundation soils for buildings, aimed at increasing the bearing 
capacity of the soil before and after building a structure, and in the field of interventions for obviating the subsidence 
of flooring or paving, it is known to use substances which expand as a consequence of a chemical reaction, of the type 
comprising a mixture of polyots and an MDI isocyanate, or a similar expandable substance, which after expansion 
solidifies and makes said expansion permanent. 

[0003] European Patent no. 851 ,064 by same Applicant discloses a method for increasing the bearing capacity of 
foundation soils that substantially consists in forming a plurality of spaced deep holes in the soil and in injecting through 
these holes an expandable substance of this type, which expands as a consequence of a chemical reaction of its 
components, utilizing an expansion power which, at atmospheric pressure, causes a volume increase of at least five 
times its initial volume. The expansion of the substance produces a compaction of the contiguous soil until it reaches 
the intended bearing capacity. The level of the soil or of the structure overlying the region of the soil that is subjected 
to intervention is monitored constantly in order to detect the beginning of its lifting, which means that the foundation 
soil has achieved a bearing capacity suitable to support the overlying structure or simply, if there is no structure, that 
the layer of soil between the ground and the injection region has been compacted. 

[0004] Clearly, the structure can be lifted only if the pressure generated by the expansion of the substances involved 
is greater than the pressure applied to the soil affected by the expansion, by the static and dynamic weight of the 
structure plus the weight of any soil overlying the injection point and the friction forces within the soil. 
[0005] The maximum pressure that can be generated by the expansion of these substances has always been as- 
sessed as being at the most of approximately 500 kPa. For this reason, this method has never been deemed suitable 
and used to perform consolidation of foundations of very large or very heavy buildings or structures or to try to lift such 
structures, since they generally apply to the soil a pressure of more than 500 kPa; this happens because it was thought 
that the expansion of said substances under said structures would not be able to improve soil compaction or produce 
lifting of the structure. Moreover, no attempt was made to further consolidate soils that were already well-compacted 
and offered a breaking strength of more than 500 kPa. 

[0006] Sometimes it might be convenient or indispensable to produce a soil compression of more than 500 kPa also 
under low-weight structures or in non-loaded soil. It is in fact important to stress the distinction between subsidences 
caused by low bearing capacity of the soil (which, if the load of the structure is lower than 500 kPa, were solved 
effectively with the method disclosed in the above-cited Patent by same Applicant) and consolidation subsidences that 
can occur in fine-grain soil even when it has sufficient bearing capacity. Actually, relatively light structures often subside 
although being built on soils with a capacity that exceeds the overlying load. This occurs simply because a consolidation 
process is in progress which causes a reduction in volume, with consequent subsidence overtime due to water mi- 
gration. 



[0007] Sometimes in similar conditions it is important to prevent from the start the onset of these subsidences, in 
order to avoid damage to the structure. In such cases one normally provides, directly during design, foundations and 
structures that can tolerate a certain degree of subsidence. However, for existing structures, where this was not done 
40 or where the expected extent of the subsidence turns out to be incorrect, in view of the extreme difficulty of formulating 
exact subsidence predictions, even with in-depth geotechnical studies, or also where it is important to prevent from 
the start the onset of these subsidences, in order to prevent for example even minimal level oscillations of instruments 
or machines, it is necessary to intervene to remedy or prevent the phenomenon, since a large increase in the com- 
pression of the soil (even much higher than the compression required for bearing capacity alone) leads to the devel- 
45 opment of consolidation and therefore prevents subsidence. 

[0008] The edometric modulus of a soil is in fact inversely proportional to the subsidence. A high compression of the 
soil (above 500 kPa) would increase the edometric module and accordingly reduce subsidence even in these kinds of 
soil. 

[0009] Finally, standards in general require a safety coefficient of three on surface foundations. Accordingly, in order 
to comply with the standards any foundation soil must have a bearing capacity that is at least three times the tension 
induced by the overlying structure. 

[0010] In summary, all the problems that, like the ones described above, required an expansion pressure of the 
expandable substance of more than 500 kPa were not handled with the above-described method, since its was thought 
that expandable substances of the above-cited type could not generate an expansion force above this value. 
[0011] Surprisingly, during interventions on high-density soils performed by the Applicant, results were obtained 
which questioned this conviction and led to think that the pressure generated by the substances used could be higher 
than hypothesized. 

[0012] For this reason, Applicant performed a plurality of tests aimed at identifying the actual maximum pressure 
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that can be obtained from the expansion of substances that expand as a consequence of a chemical reaction. 
[0013] The outcome of these tests was equally surprising, since it was found that the maximum pressure that can 
be generated by substances of the above-cited type in certain conditions is considerably higher than the hypothesized 
pressure, and on the basis of these results it has been thought to use said expandable substances for interventions 
5 hitherto believed impossible. 

[0014] The aim of the present invention is to provide a method that allows to utilize the force generated by the 
expansion of these substances to consolidate foundation soils and to lift, particularly for repair after subsidence, very 
large or very heavy structures, such as for example skyscrapers, large monumental buildings, bridges, highway struc- 
tures, silos, dams, large infrastructures etcetera, which can be lifted only by overcoming a pressure thereof on the soil 
10 of far more than 500 kPa, i.e., for interventions that up to now were not even imaginable by using substances that 
expand as a consequence of a chemical reaction, or in any case to obtain effects of overconsolidation in some kinds 
of soil underlying even not very heavy structures, since sometimes this is the only way to prevent subsidences and 
ensure, over time, the stability of the structure. 

[0015] Within this aim, an object of the present invention is to provide a method that allows to perform prevention or 
15 repair after subsidences of very large or very heavy structures with considerably lower costs than required by known 
kinds of intervention. 

[0016] This aim and this and other objects that will become better apparent hereinafter are achieved by a method 
for consolidating foundation soils or for lifting very heavy or very large structures requiring the application of a pressure 
of more than 500 kPa, characterized in that it consists in injecting into the soil to be consolidated or into the soil below 
20 the foundations of the structure to be lifted substances which expand as a consequence of a chemical reaction and 
are suitable to generate, during expansion, a pressure of more than 500 kPa. 
[0017] Preferably, the method according to the invention consists in: 

producing a plurality of holes in the soil, said holes being mutually spaced and lying below the lower front or 

25 underside of the foundations of the structure; 

injecting into the soil, through said holes, a substance which expands as a consequence of a chemical reaction 
and comprises a mixture of polyols and an MDI isocyanate, or a similar expandable substance, with an expansion 
start time substantially between 2 and 25 seconds and with a potential volume increase, as a consequence of 
expansion, of more than five times the volume of the expandable substance before expansion; 

30 - determining when the intended degree of consolidation of the soil or the intended degree of lifting of the structure 
is reached; 

— ending the injection of said expandable substance when the intended degree of consolidation of the soil is reached 
or when the intended degree of lifting of the structure is reached. 

35 [0018] Further characteristics and advantages of the present invention will become better apparent from the following 
detailed description and the accompanying drawings of a preferred but not exclusive embodiment thereof, which are 
given only by way of non-limitative example hereafter, 

[0019] Figures 1 -3, are graphs which show the swelling pressure variation as a function of several injection factors; 
[0020] Figures 4 and 5, are comparative diagrams showing results of penetrometric tests carried out on treated 

40 foundation soils, under heavy structures. 

[0021] The method according to the invention conveniently comprises a first step of producing a plurality of holes in 
the soil, said holes being mutually spaced and lying below the lower front or underside of the foundations of the structure. 
[0022] The number of holes to be produced, their dimensions and their mutual distance are calculated according to 
the force to be overcome in order to lift the structure, i.e., according to the weight of the structure and to the distribution 

45 of said weight on the soil being treated. 

[0023] The holes can run vertically or can be inclined with respect to the vertical, according to requirements. 
[0024] Through these holes, with the aid of tubes inserted beforehand in said holes, a substance which expands as 
a consequence of a chemical reaction among its components is injected into the soil, said substance comprising a 
mixture of polyols and an MDI isocyanate, or a similar expandable substance, with an expansion start time between 

50 2 and 25 sec, preferably between 2 and 7 sec, and with a potential volume increase of at least five times the volume 
of the substance before expansion. The expression "potential volume increase" relates to the volume increase of the 
substance as a consequence of an expansion occurring unhindered at atmospheric pressure. 

[0025] In the case of structures having rather wide foundations, such as for example raft foundations, where it is not 
strictly necessary to localize the region of action of the expandable substance, it is possible to use an expandable 
55 substance with an expansion start time of more than 7 seconds. 

[0026] If instead high precision in the localization of the region of action of the expandable substance is required, 
preference is given to substances with an expansion start time between 2 and 7 seconds. 

[0027] Said substance is constituted by a closed-cell polyurethane foam which, after expansion, gradually hardens 
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A 

and permanently maintains its expansion. * 
[0028] The components of the expandable substance are mixed inside a mixing apparatus with a pump which is 
connected to the tubes inserted in the holes formed in the soil. 

[0029] The expandable substance is preferably constituted by two components, respectively a first component con- 
stituted by a mixture of polyols comprising a polyether pofyol and/or a polyester polyol, a catalyst and water, for example 
such as URETEK GEOPLUS A produced by the Dutch company Resina Chemie, and a second composed constituted 
by an MDI isocyanate, for example such as URETEK GEOPLUS B produced by the same company, which has an 
expansion start time of approximately 3 seconds and in particular can generate the maximum measured expansion 
force, as described in greater detail hereinafter. 

[0030] The mixing of these two components produces an expanding polyurethane foam whose density, at the end 
of the expansion, vanes according to the resistance opposed to the expansion, i.e., in the case being considered the 
resistance opposed by the soil adjacent to the injection region. 

[0031 ] The pressure that the substance transmits to the adjacent soil is also proportional to the density and therefore 
to the resistance opposed by the soil into which the substance is injected. 

[0032] Vertical expansion tests, carried out in endometric conditions, with the URETEK GEOPLUS A+B mix, catalyst 
and water, in metered amounts have provided the results reported in the following table 
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in which, the abbreviation signs are P (weight), D (diameter), H (height), V (volume), a (swelling pressure) t (testing 
time), and represent features of the tests samples. iiesung 

leS Jp^ZT^T? °? f With aP instrumentation available at the specialized Laboratory of the Uni- 
versity of Padova, based substantially on creating in controlled pressure environments pressure conditions similar to 
those at which the expanding substance is subjected during injection/expansion in heavy loaded foundation soNs and 
eventually measur.ng the swelling pressure of the various test samples obtained 

E^LtT™ ^T n r 9 /S UreS J " 3 Pl0t> res P ective| y- the pressi " a generated by the expansion of said substance 
as a tunc > on of the densrty of the substance at the end of expansion, which as mentioned is proportional to the density 
of the sorl .nto wh,ch the injection is performed, of the swelling time, and of the volume-weight 
5 0 000 kPa. ^ See "' PreSSUre aCtUa " y 9enerated ^ tne ^Pansion of said substance can reach and exceed 

StpJ^rf !"! 9enerated by K the e ^ansion also varies as a function of the temperature of the substance. The 
S d ° h3rt P ' 0tStW0 CUneS of the pressure at *»° different temperatures, respectively 80 °C and 238 6 «C 
l^inn PanS '° n f timS b6 Chang6d by Varying the rati0 between tW0 components of the substance 
^Zflll Jth T? M ° re partiCU,ar, y- P^erence is given to a shorter time for injection into soils that can cause 
disperses of the substance and to longer times (in any case preferably between 2 and 7 seconds) for more uniform 

SSSTT* 68 ab0VS 7 SeC ° ndS Can be SUitable or useful under vef V e * e nsive foundations 

[0038] According to requirements, the substance can be injected into the holes formed in the soil in a single injection 

in L ^r 9 T m T° n P ° ln ! 1**° 9radUa " y and theref ° re retraCting upward the tubes insert ^ ^ the holes formed 
n the soil, or ,t can be injected in a plurality of steps by causing the intermittent rise of the injection point, i e by 
retracting upward the tubes inserted in the holes with intermediate pauses 

[0039] If it is necessary to utilize simultaneously the pressure generated by the expandable substance on a vast 
surface, for example ,n order to lift very large and heavy structures, or to provide simultaneous and uniform limn go 
the structure ,n orderto avoid damage thereto, the expandable substance is injected simultaneously into a plurality of 
holes, optionally using a plurality of pumps. t»wamyoi 

a°er e V e ^lT a h ndabl , e TK bSta K Ce ' dUrin9 inj6Cti0n " iS V6fy flUid and therefore Pirates more easily in the less 
, ^ SUbSeqlJen, expansi °n ° f the ^stance then compacts more intensely the less dense 
regions of the soil, further improving the uniformity of the density of the soil 

STJL Th H 7T eS l L° f 6Xpansion of the '"'acted substance in any case avoids unwanted dispersions of the 

fectlT f 9 re9 '° n affeCt6d by the eXPanSi0 " rather accurate ^ and therefore ^ning « excellent ef 
SZ^h C ° mpaCt,0n of the soil and in the ™ng of the structure. The thrust effect on the soil produced by the 

thf.ln^ 

mroZJ th * ^ ' S mJ6Cted int ° th6 SOi ' by Using hydraulic pressure - P^ure * in fact used only to 
introduce the substance in the intended points. y 

ESSn^h l 9a T ^ dSPth 2 ^ h0 ' eS f0rmed in the SOil " * may va,y accordin 9 to the method for compacting the 
soil beneath the structure on which one wishes to act. 

omssL ll^TT ^ r y °T ,h f thS expression "foundation soil" is used to designate an area covered by the 
fnduc^ hi h' , ' t 6 h ? POrtl0n ,° f SOi '' be '° W thS foun dations, that dissipates almost al. the tensions and stresses 
T and dynam ' C load ' and calculated for eac h specify case; it generally corresponds to a depth 
below the bottom plane, of approximately 2-3 times the width of said foundation 

\^VL T° " ft S ' ructure \ a " d also t0 consolidate the foundation soil in order to remedy or prevent subsidence of 
the underlying so.l, it is possible to follow two methods depending on the situation of the soil 

cowLiZ^TS COnS 'T in treatin9 the entirS thiCkn6SS ° f the pressure bu,b and a ny further thickness of the 
compress.be or low-bearing layers so as to perform the consolidation, to the solid horizon, of the sufficiently bearing 

£ZS t the ' r dSPth - The S0 ' id h0riZ ° n C3n be identified b V means ° f Seotechnical soil analysis 9 
EH? 1t & T°"? m T°? inSt6ad C ° nSiStS in tr6ating a layer of soil < at ,east e ^ al to the pressure bulb) which for 
reasons of technical and/or financial convenience, does not reach the identified solid horizon which might be iocated 

surfac e e XCeSSWe P in ^ 0836 haS 9 thiCkneSS that iS SUffiCient t0 diSSipate the ^'ying weight on a wider 

[0047] If the intervention is aimed at lifting the structure located above the injection region, during the injection of the 

SKSJiS T' ' eV ;' ° f StrUCtUre ab ° Ve thS treat6d SOil area is monrtored -nstantfy by mians oflller 

th T y ? ° rder t0 det6Ct With hi9h aCCUra °y the be 9 innin g <* the lifting of the structure. 
[0048] The beginning of the lifting of the structure means that the compaction performed on the soil in that point is 

ESS? , °,f UPP StmCtUre and th3t thS fUrthSr expansi0n of the substance will lift the structure 
[0049] If the intervention is aimed at consolidating thefoundation soil without lifting the structure, for example because 
its ngidrty or weight do not allow to lift it, or simply because this is not the effect being sough achievemenTofthe 
required degree of consolidation can be determined by measuring the amount of injected expandable "bstancl as 
an alternate to momtonng the beginning of the lifting of the structure. It is in fact possible to determine in advance 
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by way of appropriate calculations, how much expandable substance to inject in order to obtain the intended consoli- 
dation. If one wishes to determine the necessary degree of consolidation during individually performed injections (a 
procedure that is easy to perform and besides allows to achieve maximum consolidation), it is possible to establish 
the amount of expandable substance to be injected by way of mathematical calculations based on the data of adequate 

5 geotechnical studies of the soil, on the degree of consolidation to be obtained, on the pressures to be applied and on 
the consequent densities of the expandable substance that will be obtained by applying said pressures and finally on 
the volumes of expandable substance required to achieve the intended result. This procedure is unquestionably more 
laborious and expensive and is fully justified, in the cases being considered, by the great extent of the intervention. 
[0050] In soils that are scarcely loaded and in any case require overconsolidation in order to prevent subsidence, 

10 one proceeds initially as in the preceding steps and then further injections are performed, spacing them between the 
previously performed injections, into the soil that is already (partially) hardened, continuing to repeat the procedure in 
this manner until the required values, predetermined by appropriate geotechnical calculations, are obtained. 
[0051 ] The soil, which is thus gradually rendered denser, provides further resistance to the expansion of the expand- 
able substance, which by being gradually more strongly confined automatically generates higher expansion forces. 

is [0052] By performing just one injection at a time, even a rather light structure, having already been fully tensioned 
with load by the lifting produced by the initial injections and in the state of greater tension that it has acquired at this 
point, provides a contrast pressure that is far greater than the unit load above the injection point, which added to the 
contrast pressure opposed by the soil which has already been rendered denser allows to perform a higher compression 
of said soil. One might also add weight onto a soil or structure in order to obtain a higher contrast pressure. 

20 [0053] When the structure reaches the intended degree of lifting, or when the intended degree of soil compaction is 
reached, injection of the substance is interrupted and the subsequent solidification of the substance stably maintains 
the obtained results. 

[0054] As mentioned, the pressure that can be generated by the substance during expansion can reach and exceed 
10,000 kPa. This means that the injection of said substance below foundations, optionally in many points simultane- 

25 ously, is capable of lifting very largo structures, such as skyscrapers, towers, large monuments, bridges, dams, highway 
structures, silos, largo infrastructures, etcetera, or of consolidating foundation soils even if this requires an extremely 
high pressure, and it means that it is therefore possible to use the above described technique for interventions hitherto 
unthinkable. Likewise, it is possible to bring a soil, even if it is scarcely loaded, to a state of overconsolidation with 
respect to the state generated by the load of the structure, preventing or stopping consolidation subsidences deemed 

30 up to now untreatable with substances that expand as a consequence of a chemical reaction. 

[0055] Penetrometric tests were carried out in foundation soils (as shown in Figures 4 and 5), treated with the method 
according to the present invention, under very heavy buildings located in Paris (loads generating soil pressures) well 
in excess of 500 kPa. 

[0056] The injections were carried out at 1 , 2 and 4, 5m under the foundation and the area treated had a linear 
35 extension of about 9m. 

[0057] The penetrometric tests showed dynamic resistances improved up to 1 0 times and more with respect to the 
initial values, perfectly suitable to provide lifting of the structures and reliable consolidation of the foundation soil. 
[0058] In practice it has been found that the method according to the invention fully achieves the intended aim and 
objects, since by utilizing hitherto unknown properties of expandable substances of the above cited type it allows to 
40 perform consolidation interventions for foundation soils with optional lifting, particularly for preventing or repairing sub- 
sidences, for very large or very heavy structures, and also allows a great increase in the degree of consolidation 
(overconsolidation) in scarcely loaded fine-grain soils. 

[0059] The method thus conceived is susceptible of numerous modifications and variations, all of which are within 
the scope of the inventive concept; all the details may further be replaced with other technically equivalent elements. 
45 [0060] The disclosures in Italian Patent Application No. M 12001 A002496 from which this application claims priority 
are incorporated herein by reference. 
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Claims 



A method for consolidating foundation soils or for lifting very heavy or very large structures requiring the application 
of a pressure of more than 500 kPa, characterized in that it consists in injecting into the soil to be consolidated 
or into the soil below the foundations of the structure to be lifted substances which expand as a consequence of 
a chemical reaction and are suitable to generate, during expansion, a pressure of more than 500 kPa. 

A method for consolidating foundation soils or for lifting very heavy or very large structures requiring the application 
of a pressure of more than 500 kPa, characterized in that it consists in: 



7 



3NSDOCID: <EP 1314824A1_U> 



EP 1 314 824 A1 



10 



15 



20 



25 



40 



45 



50 



55 



" ZTrTl a f ff tV °! ^ in the SOM ' Said h0l6S b6i " 9 mUtua "y s P aced and *'"8 the lower front or 
underside of the foundations of the structure; 

- injecting into the soil, through said holes, a substance which expands as a consequence of a chemical reaction 
and compnses a mixture of polyols and an MDI isocyanate, or a similar expandable substance with an ex- 
pansion start t.me substantially between 2 and 25 seconds and with a potential volume increase as a conse- 
quence of expansion, of more than 5 times the volume of the expandable substance before expansion- 

- determining when the intended degree of consolidation of the soil or the intended degree of lifting of the struc- 
ture is reached; 3 

" T!Z 9 H e 'T*?.? ° f S3id expandable ^stance when the intended degree of consolidation of the soil is 
reached or when the intended degree of lifting of the structure is reached. 

l^Ttl^H ran9 10 , C ' aimS ,l 2 ' characterized ln that th * '"tended degree of lifting of the structure and/ 
above the " "** * deMed by COnstant| y Coring the level of the structure 

rd e e ^minlT° rdin9 10 C ' a L mS 1 and *' characterl2ed that «he intended degree of consolidation of the soil 
is determined by measunng the amount of injected expandable substance. 

The method according to one or more of the preceding claims, characterized in that the expansion start time of 
said expandable substance is substantially between 2 and 7 seconds. 

The method according to one or more of the preceding claims, characterized in that said expandable substance 

i^l^l"T n T ne lT^ PrSSSUre ° n the surroundin 9 soil that is proportional to the tension opposed by the 
soil and is higher than 500 kPa and can exceed 1 0,000 kPa. 

oom^^ aCC<>rdin9 10 ° r m ° re ° f thS P recedin 9 claims - characterized in that said expandable substance 
compnses two components, a first component constituted by polyether pofyol and/or polyester polyol, by a catalyst 
and by water, and a second component constituted by MDI isocyanate. 

tically 6th0d aCCOrdi " 9 t0 ° ne ° r m0re of the P recedin 9 bairns, characterized in that said holes are formed ver- 
9 ' ISSfl^^^™" ° f Pr6Cedin9 ClaimS ' —»*'— •» *nat said holes are formed at an 

1 °" IhZT*? aCC ° rdin x !° ° f m ° re ° f ,hS P recedin 9 claims . characterized in that the injection of said expand- 
able substance in said holes is performed simultaneously in a plurality of holes. 

1 1 ' 2.lT,?h h ° d aCC ° rdin w !? ° r m ° re ° f thS precedin 9 clain ^ characterized in that the injection of said expand- 
s^ondins I hote " Perf0mied c °ntinuousV, making the injection point rise gradually along the corre- 

1 2 ' I^TMH h c ° a d n aCCOrdin f i° ,° ne ° r m ° re ° f thS P recedin 9 claims . characterized in that the injection of said expand- 
Z^T^gZl " Perf0mied ^ 3 P ' Ura,ity 01 StePS ' makinS tHe injSCti0n P ° int riSG '"termrttentlyalong 

13 ' f^thTlnT^of n9 v!° °: m K? re ° f PreCedi " 9 C ' aimS ' characterized in that it comprises additional steps 
for the injection of said expandable substance in holes which are spaced between the holes already used for 
preceding injection steps. y se ° Tor 

14 " »n Se M n, a SUbSta T 6 that expands as a consequence of a chemical reaction, comprising a mixture of polyols and 

25 seclndTnH ; h ° ra T r , eXPandab,e SUbStanCe ' Wtth ™ eXpansion start time ^tantia.ly between 2 and 
the v^l B ^ L k f ° tent ^' VOlume increase - as a consequence of expansion, which is more than five times 
he volume of the substance before expansion, in order to consolidate foundation soils or lift very heavy or very 
large structures that require the application of a pressure of more than 500 kPa. 

15. The use according to claim 14, characterized in that said expandable substance comprises a mixture of two 
components: a first component, constituted by polyether polyol and/or polyester polyol, by a catalyst and by water, 
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and a second component, constituted by MDI isocyanate. 

16. The use according to claim 1 4, characterized in that said expandable substance has an expansion start time that 
is substantially between 2 and 7 seconds. 
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